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Abstract

A lot of researchtowardsglobal illumination hasbeenfocussedon the radiosity method.
Neverthelessit is still aratheracademidopic which finds very slowly its way into commercial
products. The scopeof this tutorial is to describerecentdevelopmentsn radiosityresearchthat
might narrov the gapwith commercialapplications.The first part of the tutorial coursewill be
givenby a pioneerin commercialcomputergraphicswho will setthe stagefor the demandof
commerciarenderingproductsandassessvhy radiosityhasnot beenuseduntil now.
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1 Global lllumination at PDI

Global illumination techniquegor complex sceneshave adwancedto the point wherethey are just
becomingpracticalfor useonfeaturefilm production.Thefilm Antz hadanaveragescenecompleity
measuringn thetensof millions of primitives,andour next featureShrekmayaverageoverahundred
million primitives. We mustrendertensof thousand®f testframeseachweekandfinal framesmust
includedepthof field, motion blur, volumetric effectsand mustrenderin undereighthours. These
requirementsalonewould daunteven the nenvest global illumination techniquesjput this talk will
shav why, despiteadvancesn algorithmsandcomputingpower, the productionindustrymayforever
esche physicallycorrectlighting algorithms.Theaestheticequirementsf ananimatoroftenrequire
violating physicallaws andsuccesss often achieved by providing a tool which is morecontrolable
andunderstandablfor artists,notresearchers.
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2 Radiosity

This sectionwill briefly review the basicsof globalillumination computationswith finite elements.
Thegoalis to describehe commonbasisfor thefollowing lectureswhichwill thenpick outinterest-
ing aspectandfocusto them.

2.1 Radiometry

Thefollowing physicalguantitiesareusedto describdight physically A detailleddescriptioncanbe
foundin [3].

Flux is thepower emittedby or arriving ata surfacein theform of light. It hasunit Watts[W].
Radiosity is theflux perunit arealeaving a surface.lIts unit is Wattspersquaremeter[W /m?].
Irradiance s flux perunit areaarriving ata surface.lt hasthe sameunit asradiosity

Radiance is theflux perprojectedunit areaandsolid anglearriving at or emittedby a surfacepoint.
Theunit is WattspersquaremeterandsteradiariW /m?sr].

Intensity is flux persolidangle.lt is typically usedto describepointlight sourceslts unitis [W/sr].

The propertiesof thesephotometricquantities their derivation, physicalinterpretatiorandtheir lim-
itationswill notbedescribedn moredetailhere. A broadnumberof publicationstreatstheseissues
in depth.Goodones suitablefor the context of computergraphicscanbefoundin [41, 3, 23].

2.2 The Rendering Equation

Therenderingequation28] is a simpleformulationof the globalillumination problemasanintegral
equation.It describeghe equilibriumof light exchangan a sceneneglectingatmospheri@andwave
optics effects like interference. The informal descriptionof the renderingequationis simple: the
radianceof asurfacepointy in somedirectionw is theselfemittedradianceof y in w plustheincident
light aty reflectednto directionw. To computethereflection theincidentlight aty is integratedover
theincidenthemispher&) andweightedby the BRDF of y:

L(y,w) = L(y,w) + /Q fr(w,y, ") L(xay (y, ), —')n(y) o du! )

Thefunctionn(z) is thesurfacenormalin z, r ay (y,w') returnsthe pointvisible from y in direction
w’' andz o y is the scalarproductof z andy, if it is positive, andzerootherwise. Note thatin the

!More correctly theapproachs a boundaryelementpproachIn thecontet of globalillumination, however, thename
‘finite elementmethods’hasbeenestablished.



original work of Kajiya, a differentform of the renderingequationwith other quantities,namely
intensityinsteadof radiancewasused.For consisteng reason@andsincetheabove notationhasbeen
establishedisa standardthe radianceformulationis here. A detailleddescriptionof the rendering
equationin theform of Equ.1 canbefoundfor examplein [41].

Theradiosityequationis a specialcaseof the abose renderingequation.It assumeshatall surfaces
in thescenearediffuse. As aresult,the4D radiancdunctionsL and L€ canbereplacedy the corre-
sponding2D radiosityfunctions B and E andthe 6-dimensionageneraBRDF canbe substitutedy
the 2D reflectancey(x):

B(z) = B(2) + p(z) [ Glw.4)B(y) dy. @

Sincethe integral is no longer parameterizeaver the directionaldomain, but over the sceneS, a
geometriderm( is introducedto accounfor this:

G(:L‘,y) — (’I’L(.’I)) ° (y _||z))_(;7’|(‘f) ° (]I — y))V(x,y) (3)

V(z,y) is thevisibility function, whichis 1 if andonly if z andy aremutually visible. Sincethe
integrationis over all suriacepointsaspotentialsendersthe visible oneshave to be filtered out by
V. The BRDF f, getsatriple of points(z, y, z) anddefinesthereflectionaty for light comingfrom
pointz andreflectiontowardspoint z.

2.3 ClassicalRadiosity

In thefirst publicationon radiosity[20], the radiositydistribution B(x) is approximatedy partition-

ing all surfacesinto a finite setof patches{P;}. B(z) is assumedo be constantover eachof these
elementsthe constantadiosityvalueof patch: is describedy its averageradiosityvalue B;. Also

theemissionE(z) of patchi is approximatedy a constanwalue E;.

The radiosity problemcan be solved approximatelyusing a finite elementapproachwith the above

discretization Eachpatchplaystherole of afinite element A Galerkinansatdeadsto alinearsystem
of equationsn thevaluesB; [41, 10]:

Bi = Ei+pi y_ F;B;. (4)
J

ThevaluesF;; arecalledform factors andcanbe computedas:
1
Fi= [, ], 6w dedy, ©)

Equ.4 canbe solveddirectly by B = (1 — pF)~!E. Inverting the matrix requiresthe time O(n?)

(or O(n?8%7) [35]), which increaseshe compleity of the algorithmfrom quadraticto cubic. Using
iterative methodghatdirectly unrolltheNeuman-Seriein Equ.4, approximatesolutionscanbefound
in thetime O(n?) usingJacobi-or Gauss-Seiddteration. The form factormatrix F is in practiceso
well-behaedthatthesemethodscorverge sufiiciently afterafew iterations.

Onebig adwantageof the radiositymethodis its view-independenceOncea solutionhasbeencom-
puted,differentviews of it canberenderedjuickly, evenachieving interactve frameratesf appropri-
atehardwareis available. A smoothingrenderingstepis alwaysneccessaryo cover up the division
into patchegseefigure1).



Figurel: Uniform meshandsolutioncreatedoy classicaradiosity

2.4 Progressve Refinement

As an alternatve to gathering,the shootingschemeis introducedby Cohenet al. along with the
ProgressiveRefinementnethod[9]. In this method,one patch(usually the currently brightest),is
selected.The enegy of this patchis thendistributed into the scene resultingin anincreaseof the
radiosityof theilluminatedobjectswhich then,in turn, canbecomeshootersn lateriterations.
Form factorsare determinedexploiting graphicshardware. For eachshooterthe sceneis dravn to
a half cube,which is centeredat the shooters midpointand coversthe frontfacing half-spaceof the
sender Eachpixel on the hemicubecorresponds$o someform factor A form factorapproximation
for a recever is obtainedby summingup all form factorsfor the pixels the recever covers. The
computationsare very fast, but due to the fixed resolutionof the hemi-cubethe resultis proneto
aliasingartifacts.

2.5 Hierar chical Radiosity and Clustering

In [24] a hierarchicalapproactfor solvingthe radiosity problemwaspresentedThe algorithmdoes
notuseanapriori createdine meshof thesceneput subdvidesthepatchesluringthe progresof the

computation.As aresult,the createdmeshis adaptve, i.e. ideally the patchesarefinely subdvided,

whereradiosity changesnost, and only a coarsesubdvision is createdin approximatelyconstant
regions.

Theideaof thealgorithmis rathersimple,andall following methodsarebasedn the sameprinciple.

To computethelight transportfrom P to @, asocalledrefineror oracle estimatesheerrorintroduced
by linking P and @ at the currentlevel, i.e. by transportingthe radiosityfrom P to () via a single

form factor If this estimatederroris belov someuserdefinableerror threshold,the form factoris

computedstoredin asocalledlink, andthelight is transportediia thatlink.

Otherwisejf theerrorwill probablybetoolarge,sendeor recever arerefined(for examplethelarger

one),andthe light transportis computedrecursvely betweerthe smallerchildren. If thereceveris

refined,the representatiorrroris decreasedAfter a subdvision of the senderlight is transported
via four form factors which aremoreaccuratehanonly one.Fig. 2 shavs theresultof a hierarchical



Figure2: Left: Meshandsolutioncreatedby hierarchicalradiosity Right: Clusteringof the same
scene.

radiositycomputatiorfor a standardypical scene.

The above approachallows us to computethe light transportbetweentwo patchesP and @ in a
hierarchicaway. In the original algorithm,onelight transportstepthroughthe scenes computecby
applyingthe abore hierarchicatransportschemeo all pairsof primitives. For complex sceneswith
mary smallobjects this“initial linking”, however, dominatesomputatiortime again.

As a solutionto the initial linking problem, clusteringalgorithmshave beendeveloped,which do
not only createa hierarchybelow the primitives, but alsobuild a hierarchyuponthem([44, 42, 18].
The computatiortime canbeimproved enormouslyif not only patchedut alsoclusterscaninteract.
Therefore amethodis neededo computeform factorsbetweermpatchesaaindclusters Notethatin the
presencef non-conex objects(asfor instanceclusters) self form factorsbecomenecessaryThese
describgheamountof light which is emittedby anobjectandthenhits the sameobjectagain,before
it canleaveit.

If aclusterhierarchyhasbeenbuilt uponthe primitives,the hierarchicalradiositymethoddescribed
aborve,whichonly workshierarchicallybelown theprimitives,canbeextendedupwards. Thealgorithm

usesoneinitial link only, which transportdight from therootclusterto itself. If thislink is considered
to betoo coarsewhich is almostalwaysthe case the root clusteris subdiiided, andthe interactions
betweenall pairsof childrenare considered.This way, for instancethe light transportbetweenwo

distantchairs,eachonein acluster canbecomputedvith onesingleform factorinsteaddf considering
eachpair of patcheof the chairs. The compleity of thecomputatiorbecomeg)(n) in thebestcase
andis thusindependenof theinitial scenecompleity k.
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3 Making Radiosity Usable

3.1 Intr oduction

The developmentof the first radiosity algorithmsfor realistic lighting simulationhappenedifteen
yearsago, but still radiosity systemsare not in everydays useand are just startingto emege in
commercialproducts. Thereis a growing awarenes®f this issuein several industrieswhich would
directly benefitfrom adwancedlighting simulations. Applicationsfor high-qualityimagesynthesis
include simulationfor the lighting, building and public works industries,architecturaland product
design,entertainmenindustry virtual studiosand networked/distriluted visualisationsystemsused,
for instancefor virtual shopping.The useof this technologyis currentlylimited mainly by problems
in treatingrealisticmodels the (automaticalpreparatiorof CAD scenesandthe complex parameter
selectionof the algorithmitself.

Thistalk will concentratenthevariousissuesaradiositysystemmustaddresso beusableandto get
acceptedy anon-pertuser It will bestructuredasfollows:

Preprocessingssues Importingdata(geometriabswell asphotometricalfrom otherindustrialpro-
cessess very difficult becaus®f the specificconstraintgplacedby radiositymodules.Normal
consisteng andcorrecthandlingof specialgeometriege.g.,non-planapolygons)mustbe as-
sured.

Complex data sets A usableradiosity algorithm must be able to processscenesof arbitrary size.
Thelimited amountof availablememoryis animportantissue. Intelligent clusteringmethods
capableof automaticallycreatinga clusteringhierarchyareessential.

Userrequirements Refinementcriteria are often not flexible enoughto suficiently handlevarious
scendypesor requirementsf differentusertypes.To make aradiositysystemusablejt hasto
be capableof automaticallyadaptingto differentuser andscenerequirementsandspendthe
computationakffort in placesof high importancefor a specifiedusertype.

Lighting simulation control The coreof theradiosityalgorithmis controlledby a hugenumberof
parametersvhich requiredistinctknowledgeof every aspectindprinciple of theunderlyingal-
gorithm. Thenumberof parametersiasto bereducedandtheir applicationmustbeautomated
asgoodaspossible.

Dynamic environments In the designphasea userof a radiositysystemneedsvery fastupdateof
thesolutionafterary scenemodificationg(e.g.,adding/deleting/mang objects,changindight
sourceemissioncharacteristicsshanginga surfaces reflectanceroperties) A nave approach
would force a completere-evaluation of the global lighting situationfor eachmodification,
causingunacceptableomputationatosts.



The goal of the EuropeanUnion LTR ProjectARCADE is to provide the bridge betweenstate-of-
the-artresearchiechnologyandusablesystemavhich canbeintegratedinto commerciabproducts.To
achiee this goaleachof the shortcoming®f existing systemsarebeingattacled.

3.2 Application Requirementsand Pre-Processing

Oneof the key reasondor the failure of radiosity systemso have won wide take-up,andprobably
thefirst hurdleencounteredby ary potentialuser is their unfriendlinessowardscommonly-aailable
data. Rav 3D CAD datawill generallybe unsuitablefor direct useradiosity systemssincesuch
systemdhave specificrequirementgoncerningheinput data.

In thefirst stepit mustbe providedthatthe datais processedo asto remove/resole arything which
theinternalsystemmight have difficulty with. Thesecanbethingslike:

e concae polygons

e polygonswith holes

e self-intersectingpolygons
e non-planampolygons

e non-polygonalnput (NURBS,...)

Non-conformantinput geometryhasto be convertedto radiosity-conformaninputgeometrytriangu-
lation hasto be performedf theradiositysystemdoesnot supportnon-planalgeometry

In additionto geometricaissuesproblemscanarisein thecontext of light sourcedefinitions.A usable
radiosity systemshouldprovide differentmethodsof specification(e.g.,photometric/radiometricpf
suchdata. In addition, luminaire descriptionsrom standardndustrial formats (IESNA, CIE, ...)
mustbe supported.

After processinghedata,severalotherproblemshave to betakencareof in preprocessingtepssuch
as:

e inconsistenhormalorientation
¢ holesandmissingadjaceng informationin tesselate@bjects

e meshreductionfor pre-meshe@ndpossiblyill-triangulatedgeometries.

For largerdatasetsit is imperatve thatall thesestepsareperformedautomatically

3.3 Data Complexity

Severalissuesconcerningcomplex datasetshave to beaddressed:

e Theconstructiorof asuitableclusterhierarchy Early clusteringalgorithmsweresuitablerather
for researchpurposesthanfor everydays use. Both the constructionof the clusterhierarchy
aswell asthe underlyingdatastructuresisedneedto be optimizedto reduceartifactsor unex-
pectedbehaior [25]. Thehierarchyconstructiommustbe performedautomatically



e Meshingdatastructures.The datastructuresusedfor subdvided polygonsmustbe robustand
asslim aspossibleto ensurethe ability to handlevery complex scenesvith limited memory

e Hierarchicaltreatmenbf naturallight sources Apart from artificial lighting, theincorporation
of skylight andsunlight,in a mannerwhich conformsto emeging standardg$13], is crucial.
Natural lighting due to sunlightand skylight should be accuratelyand efficiently simulated
within the context of a hierarchicaradiosityalgorithmwith clustering[12].

3.4 Application Scenarios

Theterm“lighting simulation” hasmary differentaspectsand characteristicsOne quickly realizes
thatthoseexpectationsare highly dependenon the requirement®f the user andevenon thetypeof
the useritself. A radiosity systemcancomputephysicalillumination propertiesandvisualizethem
e.g. asstill imagesor with real-timerendering.Thesecomputationcansometimese donequickly,
but they canalsooftenrequireconsiderableomputatiortime. In generatheresultwill becomemore
exactthemoreeffort is spenton the simulation. Thevisualizationof theillumination distribution can
be done,for example,within aninteractve lighting or architecturaldesignsystem,or the resultcan
be computedn apreprocessingtep,visualizingit afterwards.

3.4.1 Definition of usergroups

Fromtheseaspect®necanidentify certainusergroups,eachwith differentneeds:

e VR/Real-time:A VR useris mainly interestedn aresultwhich mustnotbetoo comple sothat
it canstill berepresenteth real-time.Heis notinterestedn precisephysicalvaluesof theused
light sourcesandwill bepleasedf thevisible artifactsarereducedo aminimum. He definitely
wantsto take advantageof the linear representatiorof the light distribution using Gouraud
shading.He might alsorequirea certaininteractionwith the sceneobjectsandmaterials.

e Lighting EngineersThelighting engineerdoesnotreally careaboutniceimagesheis instead
interestedn highly accurateandreliable simulationsof directandindirectlighting situations
for differentphysicallight sources.

e Animation: Animation sequencedependon a high visualaccurag anddo not allow for ary
kind of artifacts,either staticor varying over time (e.g. temporalaliasing). Sincethe whole
sequencevill be constructedbeforehandno interactionis necessaryluring the computation
phase.

e CAD User: CAD peoplemight be viewed asa mixture of thesethreetypes. While not opting
for aperfectvisualrepresentatiorthey dorequirea certaincorrectnesandquality; interaction
andquick updatesareessential.

Oneimportantrequirementhatall groupshave in commonis memory A usableradiositysystemhas
to take greatcareof the memoryconsumptionptherwiseit will be unsuitablefor large andcomple

scenes.

Togethermwith a compilationof typical problemsof currentradiositysystemghe requirement®sf the
usergroupscanthenbe comparedandprioritized. Theresultis an overview of differentgoalswith

respecto therelevanceto eachusergroup(3—very important,2—niceto have, 1—dont care).



VR Lighting Engineers Animation CAD User

accurag (physical) 1 3 2 1
accurag (visual) 2 1 3 2
visualartifacts 2 1 3 2
memoryissue 3 3 3 3
low meshcomplexity 3 1 1 2
interaction lor*3 1 1 3
dynamics lor*3 1 3 2
linearrepresentation 3 1 3 2

*dependingon simplewalkthroughor interactve ervironment

Note the differencebetweerphysicalandvisualaccurag: A physicallyprecisesimulationdoesnot
necessariljhave to producea high quality visual representationlf only theillumination valuesare
requiredtherewill be no needto addadditionaleffort to reducevisual artifacts. On the otherhand,
a visual resultdoesnot necessariljhave to be physically correctto be good. In extremesituations
onewill even allow “ille gal” shadingsituationsjust to createthe desiredoptical effect (e.g.in the
entertainmenindustry[1]).

3.4.2 Definition of scenetypes

Similarto theusergroups differentscendypesexist, eachposingdifferentrequirementsntherefine-
mentcriterionandits parametergheinvolved lighting algorithms andprobablyalsothe construction
of theclusteringhierarchy:

architectural scenes:mainly large, planarfacegwalls, floor) which necessitata fine subdvision.
car interiors: mary curvedsurfaces oftenalreadytesselatedhto tiny polygons.

interior scenes:severalartificial light sourcespbjectscloselygroupedtogether

exterior scenes:daylightsimulation,standalon®bjectsoftendistributedwithin aplane.

entertainment: ary imaginabletype of scene.

3.4.3 Basisfunctions for senderand recever

TheVR groupwill definitely make useof hardwaresupportedsouraudshading.This suggestsising
linear basisfunctionson therecevver. The only artifact comparedo higherordersare Mach bands,
which canbe avoidedby appropriatge.g.,gradientbasedyefinemencriteria.

For the senderpart, it appeardhat a linear representatiomere doesnot influencethe visual result
sincethe senderadiositiesarenot directly representeth theresultandthuscannotcauseary visible
artefacts;they areimportantonly for theenegy transfercriterion.

Higherorderbasisfunctionsthereforearenot well suitedfor a practicalradiositysystem:

e Computationahndstoragecomplexity will increaseapidly with every additionalorder[52].
e Gouraudshadingusedfor fastdisplayis limited to linearinterpolation.

e The humanvisual systemis incapableof (or at leastvery insensitve to) perceving breaches
(i.e. discontinuities)n thesecondderiative or higherof intensityfunctions.

9



We thereforechoosethe constantsenderandthe linear recever scenario.Even the animationuser
wherevisual quality is very important,canbe fully satisfiedwith this constansender/linearecever
combinatiorbecaus®f the propertieof thehumanvisual system As long asthe meshis sufiiciently
subdvided so that Mach bandsdisappearthe perceved visual quality of a smoothfunctionwill not
increasewith aninterpolationorderhigherthanlinear

3.5 Control and Automatic Steering
3.5.1 Parameters

The radiosity systemitself involves a numberof independentmodules(e.g., meshing,refinement,
visibility, visualization,...). Eachmodulehasits own list of independenparametersyhich are
regularly empirically defined,fail to relateto ary quantity with which the useris familiar and can
thereforeonly be appliedby advancedandexperiencedusers. A poor choiceof parametersisually
resultsin glaring imageartifactsor inefficient radiosity solutions. The numberand compleity of

parametershereforehasto be reduced,and parameteiselectionshould be automatedas much as
possible.

3.5.2 Refinement

Historically, refinemenbracleshave beenbasedn the estimationof maximumenegy transferq24].
However, sucha simplecriterionwill eithergive poorresultsor overrefinemenin mary places.
Startingfrom the constantadiosityassumptionLischinskiet al. [31] find thatinsteadof usingjust
the amountof enegy beingtransportedi.e., the resultingintensity)for the refinementriterion one
shouldrathertry to integratethe assumptiorof piecavise constanfunctionsdirectly: boundsfor the
radiosity function are developedto decideif the functionis constantor if it is diverging too much
from a constanfunction,in which casetherefinemencriterionwill forceasubdvision.
Suchapproachegan be extendedfurther, using linear functionsto representhe radiosity on the
recever. Oneapproachmight be to extendLischinski's ideaof boundingthe radiosityfunctionwith
constanboundsto linearboundg34].

Anotherpossibility is to combineLischinski's constanterror boundswith a gradientbasedcriterion
[29, 39]. Vertex radiositiescanbe used,to helpavoid additionalsourcesf error, whenextrapolating
midpointradiositiesto patchvertices.

Therefinmentoracleshouldthereforebe basedat leaston the following informations:

e aboundontheradiosityonthe senderarea(deviation from the assumptiorfconstant”)
e aboundontheenepgy transportedetweernsenderandrecever
e andaboundon the variationof radiosityon the recever (deviation from the assumptiorilin-
ear”)
3.5.3 Error types

It is importantto notice that there are fundamentallydifferent kinds of errors, within a radiosity
simulation.

10



First, thereis the error in the enegy transferbetweena sendinganda receving patch. The amount
of transferrecenepy is computedusingthe form factorbetweerthe two patchesnvolved. However,
sinceit would be too expensve (anduntil recentlyevenimpossible[38]) to computean exactform
factor estimatesare used. Othersourceswhereerrorscanbe introducedexist, for examplethe ra-
diosity distribution on the senderwhich is assumedo be constantor the form factorcomputation,
or incorrectvisibility determinatiorfor partially occludedsituations- especiallyfor area-to-areais-
ibility testsit is not sufficient to provide a simple percentageralue: dependingon wherea point is
locatedon therecever the amountof the sendeithatis visible will vary. Thereforethe visibility has
to bedescribedyy abound.

Furthermoreanenegy bounddoesnot provide sufiicientinformationaboutthe perceivedappeaance
of theresult[19]. A certainmathematicakrrorin certainplacesof aradiosity configurationdoesnt
necessarilyneanthatthe humanvisual systemwill perceve this errorasanartefact, a breachin the
smoothnes®f an illuminated scene.On the other hand,althoughthe mathematicakrror might be
smallin otherplacesthe humaneye will find that“somethingis wrong”; that artefactsexist which
arenotsufiiciently describedy enegy transfererrorestimation.

This bringsin the secondype of error, theerror concerningthe visualquality. Whatthe userseesof
ary illuminatedscends thelight distribution on the objects theradiosityfunctionon therecevers.
While the enegy transferboundsgive the right radiosityvalueat the recever, boundingtherecever
function gives the right shapeto the function acrossthe extent of the recever. The generalvalue
of the functionis definedby the amountof enegy exchangedetweerthe objects,while the visual
appearancef the light distribution acrossobjectsis definedby the shapeof the radiosity function,
andhow well it hasbeenadaptedduringthe simulation.

3.5.4 Refinementtools

It becomesapparenthatdifferentapplicationsor differentphasef a singleapplication,probably
requiredifferentrefinemenstratgies.

The “refinementcriterion” thereforehasto be seenasa collectionof tools basedon low-level infor-
mationaboutthe radiositytransferandthe estimatedappearancéo the humanvisual system rather
thana singlesubdvision functionreturning“yes” or “no”.

Possibldow-level informationsthathave to be providedare:

e form factorestimate
o form factorextrema
o form factorgradient
e clusterbounds

e radiosityextrema

e radiosityresidual

e visibility bounds

e errorbounds

e perceptuatontrol

11



e (uantizatiortechnique

3.6 Dynamic Update

In theirinitial form, radiosityalgorithmssufieredfrom a seriousdravback: whenthe geometryor the
materialpropertiesof objectsin the scenewerechangeda new, time-consumingradiosity solution
neededo berecomputed.

In addition,a userwill probablywork in two steps:first, usingfast, iterative solutions,andfinally
doing a corverged solution. Solutionsfor dynamicradiosity updateare requiredfor the iterative
phaseandmight be extendedfor a corvergedsolution.

In orderto make radiosity usablein interactive, dynamicapplications,appropriatedata-structures
and algorithmshave to be designedo achiee efficient updateof shadas [40, 15. The memory
requirement®f suchapproachearehigh, but canbeimprovedupon[48, 16].

Whenthe systemdeemsit impossibleto achiere interactve radiosity updateratesusing suchtech-
nigues.approximatebut moreefficient realtimefeedbacknethodscanbe employed|5, 37, 46].
Theseshadavs will be potentiallyinaccuraten thefirst stage but will thenbe replacedby progres-
sively moreaccuratecomputationsasthe updateprocessproceedsuntil finally the correctradiosity
solutionis displayed.

The combinationof differentapproachesnd the modificationof meshesat differentlevelsin the
hierarchymayresultin flickeringandothertemporalaliasingartifacts,which have to be addressed.

3.7 ARCADE references

ARCADE website:ht t p: / / ww i magi s. i mag. f r/ ARCADE/ ARCADE. ht m
ARCADE Partners:

¢ FRAUNHOFER-IGD:Germanappliedresearchleaderin VR andinteractve real-timeappli-
cations

¢ IMAGIS/GRAV/IR (France): FrenchacademiaesearchiUniversitiesUJF/INPG,CNRS, IN-
RIA).

¢ LIGHTWORKDESIGNLTD: British SME specialisingn computergraphics.
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4 Complex Scenesand Radiosity

4.1 Intr oduction

In this section we shav how to dealwith complex scenesandhow hierarchicakadiosityalgorithms
canbe adaptedn orderto copewith them. By complex scenewe meana scenewith alarge number
of input primitives,sayin the orderof magnitudeof amillion input primitives.
Suchscenegienerallycomefrom interestingfields, and producebeautiful pictures(seefig. 3). Un-
fortunately they alsoarequite difficult to handlefor radiosityalgorithms.

Figure3: Comple scenesn illumination simulations

4.2 The Memory Problem

Thefirst problemthatoccurswith complex sceness avoiding to useall the memoryavailablein the
computer As soonasthecomputeistartsusingvirtual memory(by swapping) the computatiorspeed
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is drasticallyreduced Unfortunatelya scenewith amillion input polygonstendto useahugeamount
of memory Anything thatcanbe doneto reducethe memoryusedby the programis thereforea good
thing.

4.2.1 Why linear canstill be quadratic

As we have seenin the secondecture hierarchicaradiosityhaslinearcompleity with respecto the
total numberof patchegyeneratedwhich makesit agoodcandidatdor dealingwith complex scenes.
However, hierarchicaladiositystill hasquadraticcompleity with respecto thetotal numberof input
primitivesin the scene sinceit startswith building interactionsbetweerthe input primitives? In a
scenewith amillion input primitives,arything quadraticin memoryis out of the question.Whichis
why we have to usesomealternatve techniquesuchasclustering(seesecondecture)or gettingrid
of link storage.

4.3 Getting rid of link storage

Anothermethodto reducethe memoryrequirementor the hierarchicaradiosityalgorithmis to elim-
inatelink storage48]: whenwe considerthe interactionbetweentwo polygons,we build the links
betweempatchesaswe usethem. Oncewe arefinishedwith this interaction we deleteall theselinks
andmove onto the next interaction.

4.3.1 Shootingor Gathering?

Gettingrid of links storageobviously makesmoresensdf we areshootingthanif we aregathering.
In gathering,the links computedbetweentwo polygonsare reusedor eachinteraction,whereasn
shootingthelinks computedwill only bereusedvhenthe shootingpolygonrecevesenoughfurther
enegy to beatthetop of thelist of shootingpolygons.Furthermorewith shootingtheunshotenegy
distributionis likely to bedifferentevery time the polygonshoots andhencewill notrequirethesame
links. Henceshootingalsomakesmoresensewithout link storage.

4.3.2 Choiceof awaveletbasis

An importantchoicewhendesigninga hierarchicalradiosity algorithmis the choiceof the wavelet
basisto use(Haar linear, quadraticwavelets). Previous experimentg52] have shavn thatlinearand
gquadratiovaveletsachieve betterresultsthanHaarwavelets but with thedownsideof a (much)bigger
memorycost. If we getrid of link storagemostof this memorycostdisappearsAs a consequence,
linearandquadratiovaveletscanbecomemoreinteresting.

4.4 Reducingthe complexity of the scene

Possiblyone of the easiestvaysto dealwith a comple sceneis to reduceits compleity. Thatis
to say reducethe total numberof primitives. Oneway to reducethe total numberof primitivesis to
work with more abstractprimitives, suchas cylindersand spheresjnsteadof just planarpolygons:
tesselatinga cylinder into planarpolygonsimpliesreplacinga singleprimitive by morethantwenty

2\Whatis worse,eachof theseinteractionsdoesrequireavisibility test.
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Similarly, mostscenesomingfrom architecturanodelshave complex planarpolygons thatareusu-
ally corvertedto triangles,inducingalarge numberof triangles(seefig. 4). A methodhasbeendevel-
opedthatallows hierarchicakradiosityto work with theinitial polygonswhatever their shapeg11].

34 triangles

2 polygons

Figure4: Reducinghe numberof primitivesin thescene

4.5 Parallelisation

If all thepreviousmethodscombinedogetherarent sufiicientto do aradiositycomputatioron your
computerthe bestthing to do is probablyto switchto a morepowerful computer The hierarchical
radiosity methodlendsitself well to parallelisationeitheron a clusterof workstationg17] or on a
shared-memorgystem6].

4.6 Visibility Methods
4.6.1 Importance of visibility methods

Accordingto anold study[27], visibility queriesake morethan70 % of total computatiortimein hi-
erarchicaradiositycomputationsThis proportionis still valid onrecent state-of-the-arthierarchical
radiositysoftwares

Visibility queriesare,thereforethemostimportantpointin radiositycomputationsAnythingthatcan
reducethetime spentdoingvisibility querieswill reducethetotal time for radiositycomputations.

4.6.2 Clustering

Oneof thepositive sideeffectsof clusteringis thatit alsoextendsto visibility. If aclusteris blocking
visibility betweentwo objectswe canestimatethe proportionof light blocked by this cluster using
heuristicshasedon surfacerepartitionandsurfaceorientation.We alsoestimatethe lack of precision
onthisvisibility estimateandwe candecideto refinetheclusterif thisimprecisionappearsoo large.

4.6.3 Scenepartitioning

Anothermethodfor reducingthe costsof visibility computationss to usespatialpartitioningbased
onthescenespecificitied50]. If we areinsidea building with mary roomsanddoors,thenif aroom
is invisible, obviously all of its contentis alsoinvisible.
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4.6.4 Hardware-basedvisibility methods

Finally, we canusethe graphicshardwarepresenin mostgraphicsworkstationgZ-buffer, mostly)to
dosomeof thejob in ourvisibility queries.By nature graphicshardwaregivesresultswith only finite
precision. However, we canusesomeheuristics[26] to overcomethis limitation, therebyensuring
fastvisibility queries.

4.7 Displaying the results

If the input scenehadroughly a million input polygons,we canexpectthe final resultto have tens
of millions of patches.Sucha large numberof patchess difficult to displayin a smoothmanneron
currentgraphicshardwares.To easethis problem,techniquesave beendevelopedto displayresults
in aquick andefficient manner

4.7.1 Culling and impostors

Culling methodsareusedto avoid displayingsomepartsof the scene pecausehey arent visible, or
notvisible enoughto have a significatve impacton thevisualresult. They includethe obvious (back-
face, visibility pyramid) and more sophisticatednethods,using hierarchicalocclusionmaps[54],
portaldetectionandcell visibility [36].

Impostorsare usedto replacea subsetof the scenewith somethingsimpler but without noticeable
difference. They include levels of details, replacinga planar polygon that has beenrefinedinto
mary small patchesby a single polygonwith a texture to representhe patcheg32], replacinga
non-planarsetof objectsby a combinationof texture-mapanddepthmap[14] andreplacingwhat's
visible througha portal by a warpedtexture[36]

4.7.2 Non-frame-basedrendering

Finally, you canrendercomplex scenesn aninteractve manneiif youdon't rendertheentirescendor
the entirepicture,but updateonly a subsebf the pixelsfor every frame:framelessendering33, 53]
or RenderCachgs1].
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5 Hierarchical Techniquesfor GlossyGlobal lllumination

5.1 Abstract

This partof the coursenotesgivesa summaryof my Ph.D.researctdoneat the University of Wash-
ington. Finite elementmethodsusedfor simulationof diffuseglobalillumination (radiosity) canbe
extendedto alsohandledirectional(glossy)reflection. We focuson glossyreflectionssincediffuse
reflectionis asimplespecialcaseandspeculareflectionscanbeincorporated43]. Soif we cansolve
the glossyglobal illumination problemefficiently, the generalglobalillumination problemcanalso
be solvedefficiently.

5.2 Overview

Thesenotesfirst describenow hierarchicakrepresentationgvaveletsandclustering)reducethe num-
berof light interactionsieededn aglobalilluminationsimulation. Thenthey describehow importance-
drivenrefinemenfocusegshe computationsvherethey contritute mostto the quality of therendered
image. Finally, thesemethodsare put togetherin an algorithmfor importance-dxien hierarchical
glossyglobalillumination,anda conclusionis given.

5.3 Hierarchical representation

Recallthatin the finite elementmethod,the solutionis found by transportinglight betweenbasis
functions.We wantasfew transportsaspossibleto reducecomputatiortime.

Previous work includeshierarchicalradiosity [24] andwavelet radiosity[21]. We extendedthis to
glossyglobalillumination.

5.3.1 Waveletrepresentation

Waveletsform a corvenienthierarchicalbasis. They representa function as coarseoverall shape
along with detail at finer and finer resolution. The simplestexampleis the Haar basis, but there
aremary otherwavelet bases.More complicatedwaveletshave the adwvantagethat thereare fewer
significanttransportsbut they alsohave thedisadantagehateachtransportbbecomesnoreexpensve
to compute.

Radiancas definedonthedomainS x Q+: all surfacepointsin the sceneandthe hemispherabore
eachpoint. The surfacesaresplit into patcheghateachcanbe parameterizedsa unit square.The
hemispherés transformedo the unit squareby agnomonicprojectionfollowed by aradial“stretch”.
With thesetwo transformationsghedomainof radiancés thenthefour-dimensionahypercubéo, 1]%.
Four-dimensionalvaveletsareformedin this domainastensorproductsof univariatewavelets.
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Radiances transportecbetweenthesebasisfunctions. Initially, it is only tranportedbetweenthe
coarsesbasisfunctions. Later, asthe refinementprogressestadianceis also transportecbetween
detailbasisfunctions.

5.3.2 Clustering

Many surfacepatchesrerequiredto representealisticscenesTo speedup thecomputationye want
to reducethe compleity from O(p?) to O(p) (wherep is the numberof surfacepatches).

We basethis reductionon the obsenration that when an objectis far avay, the actualgeometryis
irrelevant— we areonly interestedn thelight thatcomesfrom it. Sowe cangroupsurfacepatches
into clustersto simplify light transports.

Previous work includesthe n-body problem (computingthe gravitational pull betweenn starsin a
galaxy)[2, 4, 22] andclusteringfor diffusescene$44].

Without clustering,we have to transporiight betweenall pairsof patcheswhich givesO(p?) trans-
ports.

Our clusteringmethodrepresentshelight from a clusterascomingfrom justonepoint. Similarly, all
light to aclusteris assumedo bein thedirectionof the clustercenter

For refinementbf the solution,anupperboundon thetransporterroris given (hov wrongthe cluster
approximatioris for light transport).If theerroris too high, light is transportedetweensubclusters
or patchesnstead.

5.4 Importance

We wouldlike to know wherethe solutionhasto be computedaccuratelyandwherea coarsesolution
is sufficient. Importancecangive the answerto thesequestions.Usingimportancewe only needto
computethe solutionto high accurag in afractionof thescene.

Importances transportedik e light, but emittedfrom the eye. In areasreceving muchimportance,
thelight contritutesmuchto theimageandit shouldthereforebe computedo high accurag.
Previouswork includesimportancen nuclearphysics[30] andimportancefor diffuseglobalillumi-
nation[45].

The adwantageof usingimportancein a diffuse sceneis that the radiosity is refinedif it is in an
importantpartof the scene But evenbetter radiances refinedonly if it is in animportantpartof the
sceneandin animportantdirection

Importances alsoextendedto clustering— bothtransporiandrefinement.

5.5 Algorithm

Thealgorithmfor importance-drien hierarchicalglobalilluminationlookslik e this:

Computecoarsesolution
repeat
Refinebasedn solution
Computebettersolution
until suficientaccurate
Rendersolution
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5.6 Rendering

A simplerenderingmethodis to evaluatethe solutionat pointscorrespondindo eachpixel. Better
imagesresultfrom doing a so-calledfinal gathering:light is transportedo pointscorrespondindo

eachpixel. This improves the visual quality (the meshingartifacts disappear)but also increases
renderingtime considerably

5.7 Conclusion

In thesecoursenoteswe introducedhefollowing hierarchicakechniquegor glossyglobalillumina-
tion:

o wavelets,
e clustering,

e importance

For moredetailedinformation,seg[8].
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6 Illlumination Samples

In this sectionan algorithmwill be presentedvith the goal of extendingan HR implementatiornto
alsohandlenon-difuse surfaces.The key to the algorithmis how the directionalinformationof the
incidentlight is maintained47].

6.1 Incident Light Representation

In HR the incidentlight is computedin small portions. Sinceonly diffuse surfacesare considered,
theseincidentirradianceportionsareimmediatelyaddedo theirradiancefield of thereceving object,
sothatthedirectionalinformationis lost.

To maintaindirectionalinformation,in theillumination samplesapproackeachincidentlight portion

is storedwith the receving objectin a list of illumination samples An illumination sampleis a

pair of anincidentdirectionandanirradiancevalue. Eachobjecthasa list of illumination samples.
Light propagatioris computedasin HR, but incidentlight portionsarenot addedtiogethelin asingle
irradiancevalue. Instead.for eachtransportedight portion an illumination sampleis createdthat
describeghislight portion. This sampleis thenaddedo the objects list of illumination samplesAs

directionof the samplethe vectorto the sendess centeris used.

Theideais depictedin Figure5. The sceneshaws for a point z the arriving links computedfor a

simple 2D box scene. The point receveslight via threegeneration®f patcheqleft threeimages).

For eachlink, duringpropagatiorcomputationanillumination samples addedo therecever. These
sampledescribetheillumination atz (right).

X X X

@
X

Figure5: Links arriving ata somepoint z for a 2D box scene.For eachlink anillumination sample
is addedo the patchesThesesamplesarethenusedasillumination descriptionat the patch(right).

The scenehierarchyresultingfrom this exampleis shavn in Figure6. Theleft imageshaws the part
of thescenecontainingpointz. Theillumination samplesreatecatthenodesonthe pathto thepatch
containingz areinsertedasdottedarrowns. In therightimagethe sample$ave beenpusheddown this
path,resultingin adescriptionof theentireillumination attheleaf node.

This way, the directionalinformationof theincidentlight is storedin an efficient manner No infor-
mationaboutthe rangeof incidenceis stored,only its maindirection. This is anapproximation put
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Figure®6: lllumination sample<reatedor the situationin Figure5 (left). After pushingthe samples
down the hierarchytheentireillumination atthe leavesis known (right).

dueto the smoothingnatureof mostBRDFsthisis deemedsuficient.

6.2 Exitant Light Representation

The exitant light of a non-difuse surfaceis storedin a similar mannerasin [7, 42]. The objectis
approximatedy a point sourcewith atwo-dimensionatlirectionalexitant intensitydistribution.

6.3 ReflectionComputation

Theillumination samplealgorithmis very similarto theHR method.Themaindifferences thatin the

gathersteptheirradianceportionsarenot summedlirectly at therecever, but addedto therecever's

illumination samplélist.

After this gatherstep,the illumination of the sceneis known in the form of illumination samples,
distributed over the entire scenehierarchy Next this illumination hasto be reflected. This is done
asin HR in a push/pullstep,performedin atraversalof the scenehierarchy In the pushphasethe

illumination gatherechtinnernodesis pusheddown to the leaves,sothatevery leaf knows aboutits

completeillumination. In theillumination context this meanghatevery inner nodesimply copiesits

illumination samplesiown to all theleavesbeyond(cp. Figure®6).

Insteadof copying all samplesdown the hierarchy the pushcanbe performedvirtually duringthe

traversal.In alist of currentillumination samplesall samplesf the currentbrancharegatheredThis

canbe donevery efficiently, if thelist of currentsampleds organizedas*list of lists”. If a nodeis

traverseddownwards,its samplesareaddedo the currentlist, if thenodeis traversedupwardsagain,
its samplesttheendof thecurrentlist areremovedagain.

Whenaleafis reachediuringtraversal,all illumination samplesontrituting to its illumination arein

21



the currentlist. Next, thisincidentlight hasto bereflectedto obtainthe new exitantlight of theleaf:
L(z,w) = / fr(W', 2, w) L (z,w')n(z) o dw'
Q

= / fr(w, o, w) ZIi(S(w' — w;) odw'
Q i=1

= ifr(wi,x,w)fm(x) o w; (6)

=1

Eachincidentlight impulse (;,w;) resultsin a BRDF responsevhich is the BRDF at z with fix
incidentdirectionw; timestheirradiancel;. The sumof all theseresponsess the total reflection.
Sothereflectionin somedirectionw canbe computedexactly by n BRDF evaluations. Using the
Di r Di str library, arepresentationf thereflectionis thencomputed.

If we have the exitantintensitydistributionsat the leaves,we still have to performa pull stepto also
updatethe exitantlight for theinnernodes.This is doneby averagingthe exitantlight distributionsof
thechildrenbottomup.

7 ThreePoint Clustering

As describegreviously, afinite elementadiancealgorithmneedgo storethedirectionaldistribution
of the simulatedlight. Dependingon the formulation of the renderingequation—directioal or 3-
point—differentfunction baseshave beenusedfor this purpose.In this sectionanapproachwill be
shawvn thatis basedon thethreepoint formulationof therenderingequation49].
Theradiancdistribution is computedwithin aline spacehierarchyandstoredtogethemwith thelinks.
This representatiohassereraladvantagesThe hierarchyfits very well with hierarchicakradiosity it
is very efficient, becausdinks andradiancecanbe storedwithin onehierarchyandtheonerepresen-
tationcanbeusedasincidentaswell asasexitantrepresentation.

7.1 The Line SpaceHierarchy

Thefinal functionwe arelooking for describesheradiancebetweertwo mutuallyvisible front-facing
surfacepoints,whichwe will call linesin thefollowing. Sinceradiancedoesnot changealongaray,
it is constanilongsuchaline. All thesdinesspanaspacewhichis in anothercontet referredto as
theline space[15]:

L:= {(‘T,y) 1T,y € S,V(x,y) :true/\(y—:z;)on(x) >0/\($_y) On(y) > O} (7)

Theradiancefunctionin the sceneis definedon this line space:L : £ — C, whereC is the chosen
colorspaceg.g.RGB. Notethatthelinesin this spaceareoriented,.e. (z,y) and(y, =) aredifferent
lines.

Thegoalof a hierarchicallgorithmis the computatiorof anapproximatiorto the radiancefunction
L. In threepoint clusteringthis is achieved by building a hierarchyon £ directly and computing
the approximatiorwithin this hierarchy It is interestingto noticethatduring a standarchierarchical
clusteringcomputationsucha hierarchyof theline spaces implicitly used:if the transportetween
asendingandareceving objectis refined,oneor both objectsaresubdvidedimplying a partition of

theline spacebetweersendeiandrecever.
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Thisis depictedin Figure7, startingwith a pair of interactingpatches” and@. Thenode(P — Q)
describesll unoccludedinesfrom P to Q. Subdviding thesenderP into two childrenresultsin two
new nodes(Py — Q) and(P; — @), which partitiontheline space(P — @) into two children. In
the next step,eachof thesechildren(P; — Q) is subdvided againinto children(P; — @) andso
forth.

(Pp - Q)

(P -Q

(F =9 (Po ~Q)

(Pp -Q

P Q

Figure7: Building a hierarchyon the line spacefrom anobject P to anobject@. Startingwith all
linesfrom P to @ (P — Q) first the senderP is subdvided, resultingin nev nodes(Py, Q) and
(P1, Q). Thesenodesn turn canbe subdvided by splitting therecever @@ andsoforth.

Sothe scenehierarchycanalsobe usedto constructa hierarchyon the line space.Eachnodeof the
line spacehierarchyis a pair of nodesof the scenehierarchy but not every pair of scenenodess also
aline spacenode.

7.2 RadianceRepresentation

The problemof aradiancecomputationin comparisorio a radiositycomputations thatsomeway is

neededo storethedirectionallight informationof incidentandexitantlight. In threepointclustering
this is achiered by storingthe radiancewithin aline spacehierarchy For efficiency reasonsthelink

data—formfactorsand the visibility information—isalso storedwithin the samehierarchy From
anothemoint of view this meanghatthe radianceis storedtogethermwith thelinks. In the following

we will referto thiswholestructureof link andradiancedataasthelink hierarchy.

As radiancedoesnot changealonganunoccludeday, this representatiocaneitherbeinterpretedas
exitant light from the senderor asincidentlight attherecever. As aresultwe do not needdifferent
representationfor bothandtransportatiorof light becomedrivial.
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7.3 Computation of Light Propagation

This representatioffits very well with the HR method. The light propagationcomputationis per
formedby traversingthelink hierarchy If theoracledecidedo transportight via somelink, thislight
is notaddedto therecever directly asin HR, becausé¢he directionalinformationwould belost then.
Insteadthelight is storedtogethemwith thelink, solaterthelight’s origin is still known.

7.4 ReflectionComputation

If the light incidentat somescenenodeis neededfor reflectioncomputationsjt canbe obtained
easilyfrom thelink hierarchy Figure8 shavs thelinks establishedn a simpleflatlandbox sceneas
alreadyusedin the previoussection.In orderto gettheillumination atpatchP, atraversalof thelink
hierarchyis performedtherebyonly traversingnodesthathave P asrecever. All thesenodesorm a
subtreawithin thelink hierarchy All leavesof this subtreedescribeéhecompletdlluminationof P. If
thelink hierarchyis adaptve in the sensdhatall leavescarryaboutthe sameeneqgy, theillumination
at P obtainedthis way is alsoadaptve. Sofrom darkdirectionalregionsaroundP only a few links
will arrive, whereadrom bright regionsmary links andthusa detailleddirectionalinformationwill
beprovided.

X

X

Figure8: Links establishedn a simplebox scenetowardsa point z on threedifferentlevels (left to
centerright). Theillumination atz canbe obtainedby puttingthemall together(right)

Knowing theincidentlight field for a particularpatch,the glossyreflectioncanbe computedIn three
point clustering this meando settheradiancevaluesin theline spacehierarchythatown the current
patchassenderto a new iterationvalue. By this, theincidentlight at the correspondingeceversis
immediatelychangedresultingin a Gauss-Seidel-l&iterationscheme.
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